Background: Early infant weight development influences metabolic regulation later in life. For the prevention of obesity and metabolic diseases, it is important to understand the underlying mechanisms in detail. Objectives: This study aims to examine the effects of maternal anthropometric, sociodemographic, and lifestyle factors on maternal and cord blood leptin levels at birth and on the development of body mass index (BMI) standard deviation scores (SDS) in offspring up to 1 year of age. Methods: Seventy-six mother-child pairs were enrolled in this follow-up analysis in a cross-sectional design. Standardized questionnaires were used to collect information regarding maternal anthropometrics, lifestyle habits, and sociodemographic conditions, and newborn weight, or, rather, BMI-SDS, development during the first year of life. Results: Cord blood leptin (β = -0.222, p = 0.074), maternal leptin (β = 0.414, p = 0.001), and female sex of the offspring (β = 0.385, p = 0.003) explained 29.0% of the variance in BMI-SDS changes in the first year of life. Cord blood leptin was influenced by newborn sex (male; β = , p = 0.025) and maternal moderate-intensity physical activity in the third trimester (β = 0.265, p = 0.007, corr. R 2 = 9.2%); maternal leptin was influenced by maternal prepregnancy BMI (β = 0.602, p < 0.001) and weight gain during pregnancy (β = 0.247, p = 0.004, corr. R 2 = 35.5%). Conclusions: Higher maternal and lower cord blood leptin levels are associated with a higher BMI-SDS increase during the first year of life. Maternal leptin is influenced by maternal BMI and weight gain during pregnancy, and cord blood leptin is influenced by maternal physical activity; therefore, it can be suggested that an active and healthy maternal lifestyle may play a pivotal and beneficial role in the offspring's weight development.
Introduction
Juvenile overweight and obesity are increasing health issues due to their association with cardiovascular risk factors, metabolic diseases, and orthopedic and psychosocial disorders, for example [1] . In Germany, 16 .2% of girls and 18.5% of boys aged 14-17 years are overweight or obese [2] . Childhood obesity is associated with family lifestyle, sociodemographic status, and maternal overweight [2, 3] .
According to the "German Health Interview and Examination Survey for Adults" (DEGS1), 53.0% of German women and 67.1% of German men are overweight or obese [4] . Women of childbearing age are especially affected. Overweight and obese women have a higher risk of excessive weight gain during pregnancy than normal-weight women [5] . Furthermore, obesity is associated with multiple maternal and neonatal complications, such as gestational diabetes mellitus or macrosomia [6] . Correspondingly, macrosomic newborns have an increased risk to remain overweight and to develop subsequent metabolic dysfunctions [7] .
Among other factors, leptin appears to play a key role in the underlying (patho)physiological processes. Leptin is a peptide hormone that is associated with the amount of body fat. Consequently, overweight individuals have high leptin concentrations and may also manifest leptin resistance [8] . Physiologically, leptin increases satiety, particularly by regulating hypothalamic regions [8] . It is mainly produced by adipocytes but also by the human placenta. Linnemann et al. [9] showed that 98.0% of the total placental leptin is released into the maternal circulation, influencing thermogenesis and energy balance.
In terms of offspring weight development, Boeke et al. [10] analyzed the influence of maternal and infant leptin concentrations on the body mass index (BMI) z-score after 3 and 7 years of life, and they found an inverse correlation between cord blood leptin concentrations and weight gain in the first 3 years. In contrast, leptin concentrations at the age of 3 years and weight gain up to the age of 7 years were positively correlated.
Weight gain during the first months of life seem to have a pronounced effect on metabolic regulation [11] [12] [13] . According to Ekelund et al. [13] , weight gain during this early period was associated with metabolic risk factors at 17 years of age. In addition, Kwon et al. [11] showed that the body fat percentage in 19-year-old women was significantly higher in those who experienced a steep increase in BMI during the first year of life than in those who experienced this increase during their second year.
It has been shown that leptin levels can be influenced by physical activity in both pregnant and nonpregnant women [14, 15] . Clapp and Kiess [14] demonstrated that women who exercised throughout pregnancy had significantly lower leptin levels at 11, 24, and 36 weeks of gestation than controls.
Existing studies regarding weight gain during the first months of life did not take maternal leptin levels [16, 17] or lifestyle factors [16, 18] into consideration; therefore, to develop tailored preventive measures as early and sustainably as possible, it seems to be important to detect underlying mechanisms and potential influencing factors, e.g., lifestyle. Hence, we examined the association of maternal anthropometric, lifestyle, and sociodemographic factors between both maternal and cord blood leptin concentrations at birth and the postnatal weight development measured as the change in BMI standard deviation score (SDS) during the first year of life.
Materials and Methods

Recruitment and Sample Size
This is a follow-up study of a cross-sectional study that was performed between December 2013 and April 2014 in the obstetric unit of a tertiary referral center. Exclusion criteria were preterm delivery, multiple pregnancy, or known fetal malformations. Of the original 123 mother-child pairs included in the baseline study (T0), 6 were excluded due to postnatal complications, and 4 women could not be contacted because they changed their address. The remaining 113 women received a questionnaire to which 78 responded (T1). Ultimately, complete data sets were available for 76 mother-child pairs (response rate 67.3%).
Anthropometric and Demographic Data
Baseline demographic and prepregnancy anthropometric data, as well as newborn data (birth weight and sex), were obtained from the patient files and the perinatal database, as described by Flöck et al. [19] and Deibert et al. [20] . Sociodemographic data included the level of education, and a review by Shrewsbury and Wardle [3] revealed that parental education is more consistently associated with adiposity than other indicators of the sociodemographic status.
Maternal prepregnancy BMI was categorized into the following groups: underweight (< 18.5 kg/m 2 ), normal weight (18.5-24.9 kg/m 2 ), overweight (25.0-29.9 kg/m 2 ), or obese (≥30.0 kg/m 2 ) [21] .
Furthermore, maternal mid-arm and mid-leg circumferences were measured on the right side to the nearest 0.1 cm with a nonextensible, flexible tape. Maternal skinfold thickness of the triceps was measured by a single observer using a Harpenden skinfold caliper (John Bull British Indicators Ltd., Harpenden, UK) with a constant pressure of 10 g/mm 2 . The procedure was carefully standardized, and the measurements were made in triplicate on the right side of the body, after which the results were averaged [22] . The total upper arm area, upper arm fat estimate, and upper arm fat-free mass estimate were calculated according to Rolland-Cachera et al. [23] . Data about maternal anthropometrics at T1 were collected in modified standardized questionnaires [24] .
Lifestyle Characteristics
The Pregnancy Physical Activity Questionnaire described by Chasan-Taber et al. [25] was used to evaluate maternal physical activity, which was measured in metabolic equivalents (METs) [26] by multiplying the time spent on each activity by its intensity and classified into 4 different intensity groups according to MET levels: sedentary (< 1.5 METs), and light (1.5-3.0 METs), moderate (> 3.0-6.0 METs), or vigorous intensity (> 6 METs).
A semiquantitative food frequency questionnaire (FFQ) adapted from the FFQ described by Meltzer et al. [27] was used to evaluate dietary habits. To assess the quality of diet during pregnancy, the healthy eating index (HEI) was calculated as described elsewhere [28] . At T1, modified standardized questionnaires [24] were used to collect data regarding maternal smoking status and breastfeeding conditions. 
Analytical Procedures and Leptin Analyses
Laboratory values were generated from maternal venous blood taken on admission to the labor ward and from umbilical cord blood taken from the placental part of the umbilical cord directly after clamping. As described by Flöck et al. [19] , the samples were stored at 4 ° C until centrifugation (4,000 rpm for 10 min). Afterwards, serum was separated and stored at -70 ° C. All samples were thawed only once, and the measurements were made in duplicate. A Tecan reader (Nano Quant Infinite M200 Pro, Switzerland) was used to measure total leptin concentrations by a direct sandwich ELISA kit from Merck/Millipore, Germany, as described by Deibert et al. [20] .
Physical Development
The participants were asked to report the somatic development of their newborns as measured in the well-child visits over the past 12 months (U1-U6). These examinations are 6 routine checkups performed by a pediatrician, in which information regarding height, body weight, and head circumference are collected [29] . They take place at the following time points: U1: immediately after birth; U2: 3rd-10th day; U3: 4th-5th week; U4: 3rd-4th month; U5: 6th-7th month; U6: 10th-12th month of life. BMI was calculated and classified into the following categories: a BMI < 10th percentile for age and sex was classified as underweight; a BMI > 90th percentile for age and sex was classified as overweight; and a BMI > 97th percentile for age and sex was classified as obese [30] . For further analysis, we calculated the age-and sex-dependent BMI-SDS [31] .
Statistical Analysis
Data analysis was performed using the IBM SPSS Statistics 23.0 software (IBM Corp., Armonk, NY, USA), and mean values and standard deviations (SD) were calculated using descriptive statistics to present anthropometric data. The t test was used to compare 2 groups; for various groups, one-way analysis of variance was used. The χ 2 test was used to analyze correlations between 2 nominal variables. Linear regression analyses were performed to analyze individual factors that had an impact on the development of BMI-SDS from U1 to U6 (dependent variable). A multiple linear regression model with change in BMI-SDS from U1 to U6 as the outcome variable was adjusted for total physical activity in the third trimester, weight gain during pregnancy, maternal prepregnancy BMI, maternal and cord blood leptin levels, birth weight percentile, and offspring sex. In preliminary modeling, additional potential confounding variables were included, but they did not significantly change exposure-outcome associations (change in BMI-SDS as the outcome variable): total area, fat area, and muscle area of the upper arm, maternal total activity before pregnancy and in the first and second trimesters, sedentary and moderate-intensity activity in the third trimester, HEI, breastfeeding, maternal level of education, and maternal smoking behavior (T0). A second linear regression analysis was performed to analyze significant determinants of maternal leptin (outcome variable). We adjusted this model for the total area and fat area of the upper arm, total physical activity in the third trimester, HEI, maternal prepregnancy BMI, and weight gain during pregnancy. In preliminary modeling, upper arm circumference, upper leg circumference, skinfold thickness, triceps thickness, and sedentary/light and moderate physical activity in the third trimester were also included; however, they did not significantly change exposure-outcome associations (maternal leptin as the outcome variable). To explore significant determinants of cord blood leptin (outcome variable), a third linear regression analysis was performed. We adjusted the model for the total area and fat area of the upper arm, total and moderate physical activity in the third trimester, maternal prepregnancy BMI, weight gain during pregnancy, and offspring sex. In preliminary modeling, sedentary and lightintensity physical activity in the third trimester, maternal leptin, HEI, skinfold thickness, triceps thickness, and maternal smoking behavior (T0) were also included, but they did not change exposure-outcome associations (cord blood leptin as the outcome variable). A value of p ≤0.05 was defined as significant.
Results
Maternal anthropometrics, lifestyle and sociodemographic data, as well as offspring data are displayed in Table 1 . Of the total offspring, 55.3% were female.
The mean maternal total leptin level at delivery was 22.1 ng/mL (±18.1 ng/mL), and the mean cord blood leptin level was 8.8 ng/mL (±7.3 ng/mL) ( Table 2 ). The results of multiple linear regression analyses are listed in Tables 3-5 .
Effects on Cord Blood Leptin
There was no significant correlation between cord blood and maternal leptin levels (r = 0.001, p = 0.990) or prepregnancy BMI class (r = 0.064, p = 0.607). Female offspring tended to have higher leptin levels than males (10.2 ± 8.2 vs. 6.9 ± 5.8 ng/mL, p = 0.068). In multiple linear regression analysis, moderate-intensity activity in the third trimester (β = 0.265, p = 0.007) and offspring sex (β = -0.220, p = 0.025) explained 9.2% of the variance (Table 3) .
Influences on Maternal Leptin
In regression analyses, maternal prepregnancy BMI (T0) (β = 0.602, p < 0.001) and weight gain during pregnancy (β = 0.247, p = 0.004) explained 35.5% of the variance in maternal leptin levels (Table 4 ).
Effects on Offspring Weight Parameters
Mean BMI increased by 3.6 kg/m 2 (±1.6 kg/m 2 ), and mean BMI-SDS decreased by 0.29 (±1.36) during the first year of life. Cord blood leptin inversely correlated with BMI-SDS change (r = -0.269, p = 0.027) in the first year. Infants whose change in BMI-SDS between U1 and U6 was higher than average had significantly lower leptin levels at birth when analyzed retrospectively (6.3 ± 4.1 vs. 10.7 ± 8.7 ng/mL, p = 0.008). In multiple linear regression analysis, cord blood leptin (β = -0.222, p = 0.074), maternal leptin (β = 0.414, p = 0.001), and newborn sex (β = 0.385, p = 0.003) explained 29.0% of the variance in the change in BMI-SDS from U1 to U6 (Table 5) . 
Discussion
To our knowledge, this is the first study to examine the association of maternal anthropometric and lifestyle factors to maternal and infant leptin levels at birth on infant BMI-SDS development up to 1 year of age taking sociodemographic factors into account.
Both maternal and infant leptin levels were distinctly linked to the development of BMI-SDS during the first year of life, although there was no association between both parameters. Brunner et al. [18] also observed no direct correlation between maternal and infant leptin concentrations supporting the two-compartment model of fetoplacental leptin regulation by Laml et al. [32] , which states that cord blood leptin most likely has a fetal or placental origin, and, comparable to a noncommunicating model, there might be no placental transfer.
In terms of offspring weight development, high cord blood leptin was associated with a smaller change in BMI-SDS up to 1 year of age, thus, confirming the results of previous studies [10, 16, 18] . Kaar et al. [16] explained this by a negative feedback mechanism. High cord blood leptin levels may reduce appetite regulation in the hypothalamus and may, thus, lead to a lower weight gain. Boeke et al. [10] confirmed this inverse relationship during the first 3 years of life; with advancing age, however, a positive correlation between infant leptin levels and weight gain was observed.
In contrast, maternal leptin concentrations correlated positively with the change in infant BMI-SDS over the first year of life. In previous studies, the association between maternal leptin level and infant weight gain is inconsistent, possibly because they examined different time periods or did not relate maternal leptin data to those of the infants [10, 18, [33] [34] [35] . To our knowledge, this is the first study evaluating maternal leptin concentrations and infant weight gain during the first year of life. In contrast, the results published by Brunner et al. [18] refer to the first 2 years, and those of Boeke et al. [10] to 3 and 7 years of life. The authors suggest an inverse association between maternal leptin levels and infant weight as well as lean body mass development. Further studies are needed to investigate the influence of maternal leptin levels on neonatal BMI-SDS development during different time periods.
In the present study, maternal physical activity was positively associated with the infants' leptin levels but not with the change in BMI-SDS. In addition, gestational weight gain and maternal prepregnancy BMI affected maternal leptin levels but not BMI-SDS change.
In contrast to other studies [36, 37] , we did not find a direct association between maternal prepregnancy BMI or gestational weight and infants' physical development; however, cord blood and maternal leptin levels were associated with maternal BMI, gestational weight gain, and physical activity during pregnancy. In turn, leptin levels influenced the infant BMI-SDS; therefore, it can be tentatively postulated that a healthy lifestyle may generate lower maternal and higher infant leptin concentrations, thus, facilitating a lower BMI-SDS increase in the offspring. Moreover, because maternal BMI may be an indicator of lifestyle habits before pregnancy, maintaining a healthy lifestyle before pregnancy may play a vital role in this association. To establish effective preventive measures to reduce metabolic risk factors, it is crucial to identify further parameters that may influence infant weight development during the first year of life.
The strengths of this study include the careful control of confounders and the standardized measurement of offspring anthropometrics from U1 to U6 obtained by pediatricians. Because childhood BMI is particularly dependent on age and sex, we calculated the BMI-SDS for a more precise analysis. Another strength of this study is the high response rate to the questionnaires (67.3%).
On the other hand, one limitation of this study is the assessment of physical activity by the questionnaire. Subjective measurements, which are simple and low in costs, are widely used in epidemiological studies [38] ; however, it has been reported that physical activity, measured by recall questionnaires, can be over-or underestimated [39] . This could also apply to our study. Objective measurements like actigraphs would have been more precise; however, their use would not have been feasible in this study due to our retrospective study design and costs. Nevertheless, in future studies, a combination of both objective and subjective measurements of physical activity should be included.
Furthermore, participants were recruited only in the Obstetric Unit of the University of Bonn Medical School. Hence, our sample might not be representative of the general population.
Following Boeke et al. [10] , we defined cord blood leptin as the newborns' leptin concentration because placental leptin is largely released into the maternal circulation [9] . We only analyzed total leptin concentrations and did not differentiate between free and bound leptin. This could limit our results because the free form might be the more important biological determinant [40] . So far, only Brunner et al. [18] have investigated both forms of leptin in the context of pregnancy and children's weight gain and found no significant differences.
In conclusion, high maternal and low cord blood leptin levels are associated with a higher BMI-SDS gain in the first year of life. Maternal leptin levels are influenced by prepregnancy BMI and weight gain during pregnancy. Cord blood leptin concentrations are influenced by sex as well as maternal moderate-intensity physical activity during the third trimester. Therefore, an active maternal lifestyle, maternal BMI, and the weight gain during pregnancy may indirectly influence an infant's change in BMI-SDS during the first year, partly explained by its influence on leptin levels. In terms of obesity prevention, it is important to focus on infant weight development in the first year, taking potential influencing factors, such as maternal lifestyle and anthropometry, into account. 
